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= center-of-mass displacement along the body y axis 
I. Introduction
Guided entry is concerned with trajectory guidance and control of a vehicle entering the atmosphere either on the Earth or on other atmospheric planets such as Mars. The aerodynamic properties of the vehicle are arranged in such a way to cause the entry lift vector, whether adequately oriented, to control and adjust the vehicle trajectory. As such, an attitude control system which is capable of a fast and accurate orientation of the lift vector, becomes the actuator of the vehicle entry path. Guided entry has been identified by Wolf 1 as a necessary technology for the reduction of the landing site dispersion on Mars from the 80-200 km of the previous missions to below 10 km as in the on-going US Mars Science Laboratory, and in the limit to achieve pin-point landing as envisaged by future missions.
The guided entry algorithms developed by the authors are subdivided into path planning, reference path tracking and attitude control. This paper is devoted to the attitude control; path-planning and reference path-tracking algorithms are detailed in Canuto et al.
.
As a key point, attitude control abandons Euler-angle and quaternion kinematics in favor of the more complex aerodynamic angles. Kinematics is derived by differentiating the whole sequence of angles that rotate the localvertical-local-horizontal frame into body axes. Three aerodynamic angles, namely, bank angle, total angle-of-attack and (aerodynamic) roll, constitute the sequence converting local trajectory axes (aligned with the vehicle path) to the body frame. As the vehicle attitude must be faster actuated than the vehicle direction of motion, aerodynamic angles dominate kinematic equations, making them to approach Euler kinematics. As an advantage of the formulation, aerodynamic angles are the degrees-of-freedom of the aerodynamic force (lift) capable of controlling the vehicle entry path. Specifically, restricting the treatment to a biconic capsule with a fixed center of mass (CoM), the total angle of attack  and the (aerodynamic) roll  shall fluctuate around their natural equilibriums. On the contrary, the bank angle must be adjusted by a reaction control system, to drive the flight-path angle  and heading  of the vehicle entry trajectory (see Canuto et al. 2 for the translation state equations). Attitude control has been designed to satisfy the requirements: 1) The bank angle is the unique degree-of-freedom which is continuously adjusted to drive the 3D entry path longitudinal and lateral components along the reference path. The 2D longitudinal motion is driven by controlling the magnitude of the bank angle cosine. The lateral motion is controlled by toggling the sign of the bank angle sine at specific time instants giving rise to the so-called bank reversal maneuvers (BRM). 2) Total angle of attack and roll must be stabilized around their natural (unknown) equilibriums. 0) The resulting attitude control deviates from the literature both in the structure and in the algorithms. Brugarolas et al. 3 propose a proportional plus derivative controller with a dead-band, whereas Kron et. al. 4 propose non-linear dynamic inversion. Here the attitude algorithms exploit aerodynamic angles instead of the Euler and quaternion kinematics, and the algorithm structure and tuning follow the Embedded Model Control (EMC) guidelines (see Canuto et al. 5, 6, 7, 8 ). Model and control design prove that the total angle-of-attack can be decoupled from roll and bank-angle dynamics, and that the latter cannot be further decoupled. To cope with the fourth-order complexity of the bank-angle and roll dynamics, which is driven by yaw and roll torques, a dynamic dispatching techniqueactuating yaw and roll torques -has been devised which is capable of forcing the bank angle to become the output of a second-order dynamics, and, at the same time, of preventing roll excitation.
The paper is organized as follows. First aerodynamic-angle kinematics is developed and simplified, obtaining an equation structure which is at the basis of the attitude control algorithm. The latter is subdivided into two components. Open loop is in charge of the bank angle reference. Closed-loop is capable of keeping the navigated bank angle around its reference trajectory and of stabilizing angle of attack and roll around their natural (unknown) equilibriums.
II.
Aerodynamic-angle kinematics and dynamics
A. Definition of aerodynamic angles
Attitude kinematics of a rigid body can be formulated in several manners depending on the attitude definition, from Euler angles to quaternions, to rotation matrices. In this paper, the attitude is formulated in terms of aerodynamic angles, as they favor the design and implementation of an attitude control capable of modulating aerodynamic forces.
The frames of reference x R , where x is a generic subscript, are defined with the aid of Fig 1. It shows the sequence of rotations around Cartesian axes (Euler angles) converting the inertial frame I R into the body frame b R . As Fig 1 shows , three main alternative sequences are possible.
1) The 'inertial-to-velocity' subsequence is common to the pair of sequences based on alternative aerodynamic angles. It passes through the planet-fixed frame M R , the North-East-Down frame NED R and the localvertical-local-horizontal frame LV R , ending into the velocity frame v R . The angles are the planet rotation M  , the longitude  and the latitude  , the heading angle  and the flight path angle (FPA)  .
2) The 'standard' aerodynamic subsequence starts from v R , passes through the geometric wind frame    , the latter is usually chosen when the aerodynamic shape of the body is axisymmetric, because, in that case, aerodynamic forces only depend on the total angle of attack. In general, one may select between alternative bank angles: the geometrical and the aerodynamic bank angles geo  and  . Here the bank angle  is selected (together with the axisymmetric set), because it simplifies the expression of the aerodynamic forces in the velocity frame v R .
Alternative sequences of frames and relevant angular rotations.
B. Kinematics of aerodynamic angles
The time derivatives of the aerodynamic angles are obtained as a function of the angular rate components in the body frame, and of the time derivatives of the angular rotations from I R to v R in Fig 1. To this end, the angular rate vector   is written as the sum of the angular rate vector of each rotation, as follows
where
are the first, second and third unit vector of a generic frame indicated by the subscript x . The components of (1) 
Equation ( 
Since attitude must be actuated faster than the longitudinal velocity direction, the terms
f   can be kept smaller than the first component in the right-hand side of (3). As a further remark, equation (3) 
simplifies (3) to
C. Equations of dynamics
Assuming that the body frame b R coincides with the principal inertia frame, Euler dynamic equations read as 
In (11), L and S are, respectively, the scale length and surface of the capsule aerodynamic shape,  is the atmospheric density and v the relative velocity magnitude. The aerodynamic torque with respect to the body CoM is obtained by replacing (10) and (11) in (9), which yields
Then, transforming (12) through (7) yields
is the angular acceleration command. In (13) 
D. Equilibrium and perturbation equations
Finding the natural equilibrium angles  and  of (8) 
and gives rise to the following solutions 
having accounted second and higher order terms with
. Equation (17) is employed to derive the linearized version of the attitude kinematics (8) and of the attitude dynamics in (13) for the perturbations
The perturbation equations are written below upon a rearrangement of the state variables so as to show decoupling of the angle of attack from roll and bank angle dynamics: 
Coefficients in (19) have the following expressions 2 2
Second order terms in (19) and gyroscopic effects are hidden into l m n d   . Local stability of the equilibrium is obtained from the characteristic polynomial of (19)
Eigenvalues of (21) are forced to stay on the imaginary axis by imposing out of (16) the equilibrium
They hold
Under condition (22), the equilibrium of total angle of attack derives from (16) and holds
Equation (19) is the simplified dynamic and kinematic equation of the capsule attitude, based on the aerodynamic angles defined above. To better understand the advantage of (19), in contraposition to (3) and (9), the block-diagram of the former one, subdivided between angle of attack, roll and bank angle is shown in Fig 2 and 1) The bank angle dynamics is not just second order and forced by the roll torque as in the case of aircrafts, but is fourth order and almost linear (   must be kept small). Roll dynamics plays the role of an internal actuator. The overall dynamics is forced both by roll and yaw torques.
2) The dynamics of the total angle of attack is decoupled from bank angle and roll. 0)
The attitude control can now be designed using u  , u  and u  as commands. Specifically u  and u  are computed for damping the angular rates l   and m   , respectively, and u  is computed for driving the bank angle based on the requested profile of the longitudinal and lateral CoM control.
III. Attitude Control

A. Reference generator of the bank angle control
Only the bank angle needs a reference generator to provide the reference profiles to be tracked. Angle of attack and roll must be only stabilized around their natural (unknown) equilibriums, which corresponds to a zero reference for   and   , as well as for their rates and accelerations. Fig 6) and (iv) the noise estimator (Fig 6) providing in real-time the noise vectors updating the unknown disturbance dynamics. The bank angle control becomes the actuator of the translational control in Canuto et al. 2 . The latter provides the required bank angle profile des  , which is decomposed into the reference bank angle cosine cos p  and the time instants br t of the bank reversal maneuvers. The reference bank angle p  computed by the path-planning algorithm p  must be corrected by the
In the course of a bank reversal maneuver a jump of the reference bank angle from 0  to 1  is performed, with the following constraints.
1) The cosine of the bank angle reaches its nominal value at the end of the maneuver 
2) The sign of the bank angle sine toggles
3) The derivative of the cosine of the bank angle remains constant Expressions of the bank angle and of the rate during the maneuver allows to compute the maneuver duration br T and the switching time sw T , by imposing the above constraints. The bank angle rate at the maneuver end
allows to find the switching time in terms of br T as follows 
V. Conclusion
The attitude control system of a planetary landing capsule during atmospheric entry has been proved it can be designed around the triplet of 'axisymmetric' aerodynamic angles (total angle of attack, roll and bank angle) instead of using either Euler angles or quaternions. A model-based control algorithm has been proposed which combines open loop commands (output of a reference generator), active disturbance cancellation and state feedback, in agreement with the Embedded Model Control methodology.
Theoretical analysis (only provided without proofs) and simulated results concur to the fact that a tight and effective control of aerodynamic angles, especially of the bank angle around the required trajectory, can be achieved only if roll and angle of attack are well damped. This fact entails that control algorithms should pay attention not to Reference Simulated excite their dynamics. Technological considerations, as those concerning control sampling frequency, mass consumption and minimum impulse bit of the reaction control system are relevant and should be better investigated.
